A B S T R A C T The transport of vitamin E (a-tocopherol) has been studied in the rat erythrocyte in vivo and in vitro. Uptake and efflux are independent of energy, but sensitive to temperature. Tocopherol is localized to the cell membrane. Rapid exchange takes place between erythrocytes and serum with an hourly fractional tocopherol efflux of 26%. The vitamin is transferred from the erythrocyte to the low density lipoproteins. These experiments indicate that tocopherol, like cholesterol, is a constituent of the erythrocyte membrane which is in dynamic equilibrium with the corresponding plasma compound.
INTRODUCTION
Decreased serum levels of vitamin E (a-tocopherol) have been described in premature infants (2) and in hereditary abetalipoproteinemia (3) , two conditions associated with a shortened erythrocyte survival. A favorable response to this vitamin has been reported in the anemia of prematurity (4, 5) . In abetalipoproteinemia the administration of tocopherol restores the increased autohemolysis and peroxide hemolysis toward normal (3) . Tocopherol deficiency with abnormal peroxide hemolysis has also been reported in patients with malabsorption (6) . While the mechanisms responsible for these effects of a-tocopherol on erythrocytes have not been fully elucidated, they may be related to its antioxidant properties. It is not known whether the tocopherol present in plasma or tocopherol adherent to the cell surface is responsible for the protective action. Although the binding of this vitamin to the low-density lipoproteins of normal serum has been well established (7) , relatively little is known about its transfer to the red cell. Krishnamurthy and Bieri (8) have reported that after the oral administration of a-tocopherol-"4C to the rat, the radioactive vitamin is incorporated into erythroThis report has appeared in abstract form (1) . Dr. R. Silber is a Career Scientist of the New York City Health Research Council.
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cytes. Kaludin (9) has suggested that in the rabbit, the concentration of tocopherol in erythrocytes is greater than in plasma. The present report describes investigations of tocopherol transport between plasma (or serum) and erythrocytes in the rat. These experiments indicate that a-tocopherol is another constituent of the erythrocyte membrane which is in a state of dynamic equilibrium with the plasma environment.
METHODS
Materials. D, l-a-tocopherol acetate--C (13 ;Lc/mg) was generously donated by Hoffman-La Roche. This compound, which was labeled in the number 13 position, was homogeneous in two chromatographic systems (10) , and showed the same mobility as carrier a-tocopherol. The "C-labeled a-tocopherol was fully active biologically when tested in vitamin E-deficient weanling rats. Tocopherol deficiency was induced by feeding vitamin E-deficient diets (Nutritional Biochemicals Corporation). The animals designated deficient had no detectable serum tocopherol.
In most experiments 20-50 /Ac of a-tocopherol-"4C dissolved in 0.5 ml of corn oil was administered by gastric tube to normal male Sprague-Dawley or Fisher rats weighing between 150 and 225 g. For in vivo distribution studies, blood from the tail vein was obtained at selected time intervals by drawing blood into heparinized microhematocrit tubes. The tubes were centrifuged for 4 min in an International microhematocrit centrifuge to determine the volume of packed red cells. The height of the plasma and red cell columns was also measured. The glass tubes were then sliced at the plasma cell interphase and their contents expelled into planchets. The capillaries were thoroughly washed with 2 M NH4OH and the washings were added to the planchets. Radioactivity Was determined in a low-background gas-flow counter. Correction for self-absorption was not necessary for samples under 40 Al. The volume of the samples was determined by the formula, V = irr2h, where r is the internal diameter of the capillary and h is the height of the plasma or red cell column. No correction was necessary for plasma trapping.
For in vitro transport studies blood was obtained by cardiac puncture and defibrinated with glass beads. The red cells were separated from plasma and washed three times with 0.15 M NaCl. Mixtures were then prepared containing radioactive serum and nonradioactive red cells or radioactive cells and nonradioactive serum. The hematocrit was adjusted to between 40 and 50% and 2 mg/ml of glucose was added. The nonradioactive samples of blood to make these mixtures were sometimes obtained from the same animal before the administration of the tocopherol, but in most instances the mixtures were prepared using unlabeled serum and erythrocytes from other animals. No differences were noted in the results obtained with autologous cell-serum mixtures and homologous mixtures. In performing these experiments, no differences were observed in the flux of tocopherol between mixtures shaken at 50 oscillations/min in an Eberbach incubator and mixtures which were not shaken. Therefore, incubations of the mixture were carried out without shaking at 370C unless otherwise specified. Samples were removed at frequent time intervals and processed as described above for the separation of serum from erythrocytes and determination of radioactivity.
Serum tocopherol concentrations were determined by a micromodification of the Emmerie-Engel reaction (11) , in which xylene is used for extraction and a, a-dipyridyl for color development. Neither this technique nor several others was found satisfactory for the measurement of red cell tocopherol; it was therefore impossible to estimate the concentration of tocopherol in the cells. The fractionation of serum lipoproteins was performed by standard methods (12) .
Preliminary to performing exchange studies, it was determined that all of the radioactivity present in the serum and erythrocytes coincided with pure a-tocopherol added as carrier in two chromatographic systems. Since defibrinated blood was used and the buffy coat was sacrificed when the red cells were washed, contamination with leukocytes was usually below 2000 cells/mm8 and the platelet admixture was negligible. In an experiment where graded amounts of buffy suspensions were added to the erythrocytes, no effect was noted on the specific activity of the packed red cells with white cell counts of up to 5000/mm3. All the experiments described in this study were performed at least twice; samples were processed in duplicate.
In the in vitro experiments, tocopherol exchange between the erythrocytes and serum was determined using a modification of the formulae of Wallach, Reizenstein, and Bellavia (13) for exchange between two phases in a closed system. Since the mixture of red cells and serum constitute a closed system, the radioactivity disappearing from one phase must 
The concentration of unlabeled tocopherol in the serum 'remained constant throughout each study.
RESULTS
In vivo studies. Fig. 1 shows the plasma and red cell levels of a-tocopherol-14C after intragastric administration of the material in corn oil. Radioactivity is first detectable in plasma at 2 hr (Fig. 1) and reaches a maxi--mum in 6 hr (time of maximum activity in four experiments ranged from 4 to 8 hr). A decline occurs over the next 4 hr, and the activity then remains approximately constant for the remainder of the experiment. In contrast to the sharp peak observed in plasma, the radioactivity rises more slowly in the erythrocyte. A plateau is reached in 10 hr.
A typical experiment for determining the rate of transfer of tocopherol-'4C from erythrocytes to serum is shown in Fig. 2 The concentration of serum tocopherol and of presumed erythrocyte tocopherol concentration appears to have little influence on the kinetics of tocopherol exchange. The experiment illustrated in Fig. 4 shows that the flux from tocopherol-deficient erythrocytes is similar whether the serum is normal or tocopherol depleted. The flux from tocopherol-depleted serum is similar whether the cells are normal or deficient in tocopherol.
The physiologic basis for these unexpected findings is not clear, but some possible explanations are the following: (a) despite undetectable serum tocopherol levels, the "deficient" cells may still contain some tocopherol and therefore are not truly depleted; (b) the tocopherol content of the administered labeled material may have partly corrected the deficiency and obscured possible differences in flux; (c) the flux transfer coefficients may not be under the control of the tocopherol concentration in serum or cells. More than one of these three effects may have occurred. Effect of inhibitors on exchange. To examine the possible dependence of tocopherol transport on energy production, the effects of two inhibitors of glycolysis were studied. It can be seen that neither iodoacetate nor sodium fluoride in a concentration of 10-' mole/liter had a discernible effect on the uptake or release of radioactivity from the red cells (Fig. 5) . The addition of 10-'M Na ethylenediaminetetraacetate (EDTA) also had no apparent effect. There was no dependence of tocopherol transport on the cholesterol-esterifying activity of the serum, since pretreating serum for 30 min at 56°C did not affect the flux of tocopherol at 37°C. Exchange rates were not altered by exposure of the red cell surface to N-ethyl maleimide, trypsin, or neuraminidase (Table  I) .
Serum protein fractionation. To determine whether proteins other than the low density lipoproteins could serve as acceptors for erythrocyte tocopherol, normal rat serum was fractionated by density equilibrium ultracentrifugation in KBr. Low-density lipoproteins floated to the top of the centrifuge tube and were separated from the high-density lipoproteins and albumin which remained in the infranatant solution. The exchange of tocopherol between erythrocyte membrane and serum occurs at a relatively rapid rate although the data do not rule out the presence of some unexchangeable tocopherol in the red cell. In view of this dynamic equilibrium between erythrocytes and serum, alterations in the tocopherol concentration of serum might affect the amount of tocopherol localized to the red cell membrane during the life span of a given mature erythrocyte. This characteristic of the fat soluble tocopherol stands in contrast to the transport of the water soluble vitamins B12 and folic acid. These two vitamins are incorporated into the young red cell and very little exchange with the plasma environment occurs thereafter. Vitamin B12 is confined to the interior of the erythrocyte rather than in the cell membrane (16) . Unlike the other vitamins, which act primarily on the bone marrow, administered tocopherol will affect the properties of a circulating mature erythrocyte. This concept derives support from clinical studies in tocopherol-deficient pa-7 8 tients with abetalipoproteinemia, whose increased autohemolysis is corrected within 24 hr of the administration ocytes during of tocopherol (3) . A rapid correction of the abnormal -*), high peroxide hemolysis has also been observed in vitamin r lipoprotein E-deficient premature infants given tocopherol (2) . e correspondSince the addition of EDTA did not alter tocopherol in the lower cols.
transport, it appears unlikely that the transport system Tocopherol Transport in the Rat Erythrocyte has a critical requirement for divalent cations. Furthermore, dependence on glycolysis seems unlikely in view of its insensitivity to several inhibitors of red cell metabolism. The effects of low temperature and resistance to inhibitors are compatible with a surface-binding reaction. In this respect, the process resembles the first stages of fatty acid incorporation into red cells (17, 18) and the exchange of cholesterol between the red cell membrane and plasma which are also independent of red cell metabolism (19) . A much slower exchange of erythrocyte lecithin and sphingomyelin with the corresponding plasma phospholipids has been thoroughly documented (20) . It appears that tocopherol is transferred to the erythrocyte membrane from binding sites on plasma low density lipoproteins (7) . The high density lipoproteins are not involved in in vitro tocopherol transport. The present studies also indicate that albumin, which has binding sites for fatty acids (21), does not serve as an acceptor for tocopherol.
We were unable to detect any alteration of the a-tocopherol molecule by the rat erythrocyte during the course of these studies. No evidence for oxidation of the chromane ring or side chain was obtained.
These data may be relevant to clinical situation involving tocopherol, since several recent reports (22) (23) (24) indicate that lipid peroxides accumulate in the tocopherol deficient red cell in animals and man. Increased lipid peroxide formation has also been described in cells of patients with paroxysmal nocturnal hemoglobinuria, despite normal tocopherol levels (25) . Oxidation of unsaturated fatty acids, particularly arachidonic acid constituent of phospholipids, follows. The loss of phospholipids, an important constituent of the erythrocyte membrane, may then lead to either discrete holes in the membrane, or to a "leaky" membrane with subsequent hemolysis. It appears likely that this mechanism plays a role in the hemolytic anemia of man exposed to hyperbaric oxygen (26) for therapeutic reasons or in the course of space travel. An increased susceptibility to the toxic effect of oxidant drugs may also be present in the tocopherol deficient individual (23) .
Preliminary studies suggest that the general features described above for the rat erythrocyte also are found in the erythrocytes of normal man.'
